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As quantum coherence times of superconducting circuits have increased from nanoseconds to
hundreds of microseconds, they are currently one of the leading platforms for quantum informa-
tion processing. However, coherence needs to further improve by orders of magnitude to reduce
the prohibitive hardware overhead of current error correction schemes. Reaching this goal hinges
on reducing the density of broken Cooper pairs, so-called quasiparticles. Here, we show that envi-
ronmental radioactivity is a significant source of nonequilibrium quasiparticles. Moreover, ionizing
radiation introduces time-correlated quasiparticle bursts in resonators on the same chip, further
complicating quantum error correction. Operating in a deep-underground lead-shielded cryostat
decreases the quasiparticle burst rate by a factor fifty and reduces dissipation up to a factor four,
showcasing the importance of radiation abatement in future solid-state quantum hardware.
Quantum technologies based on solid-state devices are
attracting a growing interest in both academic and in-
dustrial research communities, because they offer the
tantalizing prospect of engineering quantum mechani-
cal effects by using superconducting and semiconduct-
ing building blocks reminiscent of classical integrated cir-
cuits [1–3]. Although a daunting technological challenge,
macroscopic components such as capacitors, inductors,
and Josephson junctions can be inter-connected and as-
sembled in complex quantum circuits, as recently proven
by the operation of processors consisting of tens of quan-
tum bits (qubits) [4–7]. While these pioneering imple-
mentations showcase the advantages of solid-state plat-
forms, one of their main challenges for future develop-
ment, increasing quantum coherence, stems from the dif-
ficulty in decoupling from various noisy environments [2];
be that dielectric defects, magnetic moments, trapped
∗ laura.cardani@roma1.infn.it
† First two authors contributed equally.
‡ ioan.pop@kit.edu
charges and vortices, spurious electromagnetic modes, or
excess quasiparticles (QPs).
Quasiparticles, which can be viewed as broken Cooper
pairs, degrade the performance of superconducting cir-
cuits in two ways [8]: their presence introduces dissipa-
tion, and fluctuations in their numbers give rise to noise.
Although QPs are particularly damaging in circuits em-
ploying the high kinetic inductance of Cooper pairs [9–
11], often constituting the dominant source of decoher-
ence, we will argue below that QPs can be an indicator
of a more generally damaging noise source for solid-state
hardware, namely radioactivity. Even a single interac-
tion with a gamma ray, or a muon, can release up to
∼ 1 MeV in the device substrate [12, Section 33], in the
form of high-energy phonons. This energy is orders of
magnitude larger than the semiconducting or supercon-
ducting gap of device materials. While the resulting QPs
constitute the signal for several types of superconducting
detectors used in particle physics and astrophysics [13–
17], radioactivity has so far received little attention as
a possible source of decoherence in solid state quantum
hardware.
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Figure 1. Quasiparticle bursts and deposited energy in grAl resonators. a, Photograph of the central part of the
sapphire chip, supporting three 20 nm thick grAl resonators, labeled A, B, and C. b, Overlay of ten measured time traces for
the resonant frequency shift δf0 of resonator A. Similarly to Refs. [10, 14, 18], quasiparticle (QP) bursts appear as sudden
drops, given by the sharp rise in kinetic inductance, followed by a relaxation tail. The y-axis on the right hand side shows
the corresponding fractional quasiparticle density shift δxQP = −4δf0/f0. For clarity, the shown traces are selected to contain
a QP burst; on average, only one trace in 10 contains a QP burst. To highlight the fact that QP bursts are correlated
in time, in panel c we plot the measured frequency shifts of resonator B (upward triangles) and C (downward triangles)
versus the frequency shift of resonator A. Colored markers correspond to values above threshold, with the threshold defined
as two standard deviations of the baseline fluctuations (cf. Suppl. Mat.). Therefore, each colored marker depicts a time
correlated QP burst between resonators A-B (orange) and A-C (green). d, Estimated distribution of the energy absorbed
in the resonators δE = δxQP∆grAlnCPV , calculated from the measured δxQP shown in the inset, where ∆grAl ≃ 300 µeV is
the grAl superconducting gap, and nCP = 4×10
6
µm−3 is the volume density of Cooper pairs, and V is the volume of each
resonator. For each burst, the energy deposited in the substrate is estimated to be 103−104 times greater than δE (cf. Suppl.
Mat.). The total QP burst rate ΓB is obtained by counting all bursts above the common threshold δxQP = 5×10
−5.
Remarkably, Ref. [19] has recently shown that the co-
herence limit imposed by ionizing radiation for transmon
type qubits is in the millisecond range, only one order
of magnitude above the state-of-the-art. Moreover, as
dielectric losses are steadily decreased [20, 21], further
improving the coherence of solid-state devices will soon
hinge on the reduction of QPs, and more generally on ion-
izing radiation abatement. Here, we demonstrate that by
reducing radioactivity we lower the internal dissipation
in superconducting microwave resonators by factors two
to four, and the QP burst rate by a factor fifty. This
was achieved by a combination of material selection and
cleaning, and by shielding under the 1.4 km granite layer
at the Gran Sasso National Laboratory (L’Aquila, Italy),
corresponding to a 3.6 km water equivalent.
In thermal equilibrium, at typical operational tempera-
tures of 20 to 50 mK, QPs should be an extremely rare oc-
currence in commonly used materials such as Al and Nb,
with critical temperatures well above 1 K. However, the
detrimental effects of non-equilibrium QPs are routinely
observed in a variety of devices [9, 18, 22–32], including
the microwave resonators used in this work (cf. Fig. 1).
The multifarious QP sources include stray infrared ra-
diation [24, 32], high-power microwave drive [33], and
phonons in the device substrate [34–36] resulting from
environmental or cosmic radioactivity. The latter is po-
tentially damaging for any solid-state quantum hardware,
not only superconducting, as it can give rise to correlated
energy bursts in devices on the same chip. Indeed, in the
case of superconducting resonators, high energy phonons
in the device substrate produce correlated QP spikes or-
ders of magnitude above the baseline [14, 15], visible as
abrupt frequency drops (see Fig. 1b and c). Even though
the rate of these bursts appears to be modest, one every
few seconds [9, 10, 14], the ensuing relatively long-lasting
and correlated effects can hinder quantum error correc-
tion protocols.
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Figure 2. Three different setups with various degrees of shielding against ionizing radiation. Schematic half-
sections of the setups, in Karlsruhe, Rome, and Gran Sasso, denoted K, R, and G, respectively. The measurement dates for
each setup are indicated in the top labels. The sapphire chip is glued to a copper waveguide using either silver paste (K and
R, magenta) or vacuum grease (G and R, blue). A circulator routes the attenuated input signal to the sample holder, and the
reflected output signal to an isolator and an amplification chain (cf. Suppl. Mat.). In the R and G setups, the waveguide is
etched with citric acid to remove possibly radioactive contaminants. The G setup, located under 1.4 km of granite (3.6 km
water equivalent) is operated in three configurations. First, the cryostat is surrounded by a 10 cm thick wall of lead bricks.
Two days later, the bricks were removed. Finally, we added a ThO2 radioactive source next to the cryostat body (cf. red
arrow).
Superconducting circuits can be sensitive to a variety
of radioactive sources, depending, among others, on the
distance from the device, penetrating power, spectral dis-
tribution, and shielding. So-called far sources consist of
cosmic rays, mainly muons at a rate of ∼1 cm−2min−1,
as well as decay products of location-specific contami-
nants. Even when far sources can be shielded, using e.g.
Pb screens or underground facilities, near sources such
as residues from handling and machining, or radioactive
isotopes in the sample holder and the sample itself might
need to be mitigated by material selection and decon-
tamination.
We use high kinetic inductance granular Aluminum
(grAl) superconducting resonators (see Fig. 1a) as a sen-
sitive QP probe, following the principle of kinetic in-
ductance detectors [13]. Shifts in their resonant fre-
quency f−10 = 2π
√
LC, where C is the capacitance
of the mode, directly reflect changes in the inductance
δL/L = −(2/α)δf0/f0, where α is the ratio of kinetic
inductance over the total inductance. In the case of
high kinetic inductance materials such as grAl, where
the geometric inductance can be neglected [10], the mea-
sured relative frequency shift informs on the correspond-
ing change in the number of QPs with respect to the
number of Cooper pairs: δxQP = 2δL/L = −4δf0/f0.
The resonators were fabricated using optical lithogra-
phy on a 1.2 cm2 and 330 µm thick sapphire substrate.
Their dimensions and corresponding resonant frequen-
cies f0 are listed in Fig. 1a. The measurements were
performed in a magnetically shielded and infrared fil-
tered environment [11, 37], at low signal drive powers,
in the range of n¯ = 1 circulating photons, which are the
typical conditions for quantum circuits. Furthermore,
we used a 3D waveguide sample holder [38] in order to
minimize the electric field density at the interfaces and
reduce coupling to dielectric losses [39]. Under these
conditions, losses in grAl resonators are dominated by
non-equilibrium QPs [36]. Using shielding and filtering
against stray infrared photons [24, 32], the QP popula-
tion can be reduced to levels at which the contribution
from radioactivity is dominant, making grAl resonators
an effective diagnostics tool.
In Fig. 1b we show typical time traces for the frequency
shift δf0 of resonator A, measured in a cryostat above
ground. We observe abrupt drops of f0, indicative of
a QP burst in the resonator film, followed by a relax-
ation tail, associated with QP recombination and diffu-
sion, similarly to Refs. [10, 14, 15, 18], one every ∼ 10 s.
We interpret them as the aftermath of ionizing events in
the substrate, causing an energy release in the form of
phonons, which in turn produce QPs. Indeed, as shown
in Fig. 1c and in Suppl. Mat., most QP bursts in res-
onator A are correlated with those in resonators B and
C, proving the key role played by substrate phonons [15].
Notice that although resonator C is twice as far from
resonator A compared to B, the correlation plot does
4not appear qualitatively different, indicating that in our
present geometry QP bursts are time-correlated over at
least 10 mm2 areas of the chip, similarly to Refs. [14, 15].
The histogram of the QP burst rate as a function of the
energy absorbed in the resonators is shown in Fig. 1d.
We estimate the efficiency of phonon absorption from the
substrate into the resonators to be 10−3−10−4, placing
the energy deposited in the substrate by each ionizing
impact in the keV-MeV range (cf. Suppl. Mat.).
In the following, we will use the QP burst rate as an
indicator of the ionizing radiation flux, while we perform
various combinations of material selection, cleaning, and
shielding. The three setups, located inKarlsruhe,Rome,
and Gran Sasso, denoted by K, R, and G, are schema-
tized in Fig. 2, and the dates of the four measurement
runs are indicated by the top labels. The corresponding
measured QP burst rates and internal quality factors of
the resonators are listed in Fig. 3.
Both the K and R setups are located above ground.
The K setup is typical for superconducting circuit exper-
iments and features additional magnetic shielding com-
pared to the R setup, consisting of a superconducting and
a µ-metal barrel encasing the waveguide. In the R setup,
designed to minimize the contribution to radioactivity
from near sources, we cleaned the sample holder and its
mounting parts with citric acid and hydrogen peroxide
to reduce surface contamination, we removed the poten-
tially radioactive indium wire used for sealing the cooper
cap, and we substituted lead soldering with more radio-
pure Araldite glue. To compare the results from the three
setups, we performed two runs in the R setup, using ei-
ther the potentially more contaminated silver paste (as
in K), or radiopure vacuum grease (as in G) to glue the
sapphire chip to the copper waveguide.
In order to reduce the radioactivity contribution from
far sources as well, the cleaned assembly used in the R
setup is also used in the G setup. Here, the 3.6 km water
equivalent of rock overburden reduces the cosmic ray flux
by six orders of magnitude. In a first measurement run,
the cryostat is surrounded by a wall of 10 cm thick Pb
bricks. We perform two additional measurements by first
removing the bricks, and then exposing the cryostat to a
232Th source in the form of ThO2.
The QP burst rate (cf. Fig. 3, top) measured in the R
setup is lower than that measured in the K setup, with
a better suppression using vacuum grease instead of sil-
ver paste to glue the chip. The strongest suppression,
up to a factor fifty, is achieved in the G setup, proving
the preponderance of far radioactive sources. Removing
the lead shielding increases the burst rate by a factor
two, and adding the ThO2 source increase the rate be-
yond above ground levels, confirming the radioactive ori-
gin of the bursts. The internal quality factors (cf. Fig. 3,
bottom) are anticorrelated with the burst rates between
above and underground measurements, achieving up to
a fourfold increase in the G setup. Notice that the burst
rate is not simply a proxy for the quality factor, as indi-
cated by the fact that the quality factor in the G setup
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Figure 3. Effect of ionizing radiation shielding on
resonator performance. Quasiparticle burst rate (ΓB, top)
and internal quality factor at single photon drive (Qi, bottom)
for all resonators and setups. When the sample is cleaned and
tested in the R setup, the measured ΓB and Qi values are
comparable to those obtained in K. Nevertheless, we observe
a consistent lowering of ΓB when using vacuum grease instead
of Ag paste. Measurements in the G setup show a reduction
in QP burst rate ΓB (factor fifty) and dissipation (up to a
factor four). In G, removing the lead shielding increases ΓB
by a factor two. Adding a ThO2 radioactive source next to
the cryostat body yields a ΓB greater than the one measured
above ground, and decreases the internal quality factor Qi
by 18±3%. Error bars are not shown when smaller than the
marker size. The chronological order of measurements in the
three different setups is indicated by the dotted gray arrows.
only decreased by ∼ 20% when the QP burst rate was
increased by two orders of magnitude by using the ThO2
source. This shows that different radiation sources (i.e.
ThO2 and cosmic rays) affect the device in different ways,
so more detailed studies of various sources are needed.
In conclusion, we showed that the performance of su-
perconducting circuits at the current level of coherence
can be significantly degraded by environmental radioac-
tivity in a typical above ground setting, in particular
due to ionizing interactions in the device substrate. We
demonstrated that the rate of correlated quasiparticle
bursts is reduced by up to a factor fifty by shielding in
a deep-undeground facility and by a radioactive decon-
tamination in the near environment of the sample. Fur-
thermore, the quality factors of high kinetic inductance
superconducting resonators improved up to a factor four
with respect to above ground values.
These first observations highlight the need for a sys-
tematic assessment of radioactive sources which can pro-
duce energy bursts in solid state quantum hardware, as
well as for a better understanding of the relevant chains of
5mechanisms, such as the creation of electron-hole pairs,
and the excitation of high energy phonons, which poten-
tially limit the performance of superconducting and semi-
conducting devices. The effectiveness of radiation abate-
ment and phonon damping solutions, such as phonon
traps [36, 40], will determine whether the next genera-
tion of solid state quantum processors will need to be
operated in deep-underground facilities.
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8SUPPLEMENTARY MATERIAL
I. SCHEMATICS OF MICROWAVE SETUPS
We show schematics of the microwave wiring for the K, R, and G setups in Fig. 4. The three setups are similar,
with the notable difference that K is equipped with microwave and IR filters.
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Figure 4. Schematics of the input and output lines of the K, R and G setups. The displayed components are
thermalized to the nearest temperature stage indicated above them.
9II. SAMPLE MOUNTING AND CRYOSTAT SHIELDING
We show the sample mounting and the dilution cryostat of the G setup in Fig. 5.
20 cm
µ-metal shield
Pb bricks
2 cm1 cm
vacuum grease
a b c
barrel lid
Figure 5. Sample mounting and cryostat shielding. a, Copper waveguide without the cap. The sapphire chip is glued to
the waveguide with vacuum grease (shown) or Ag paste. b, Mounting copper rod with capped waveguide screwed on. In the
K setup, a Cu/Al bilayer barrel and a µ-metal barrel are screwed onto the lid, encapsulating the rod-waveguide ensemble. c,
Dilution cryostat in the G setup. Notice the ∼2 mm thick µ-metal barrel and the wall of ∼ 20×10×5 cm3 Pb bricks surrounding
it.
10
III. FREQUENCY DRIFT OF THE RESONATORS OVER TIME
We report the frequency drift over time of the three grAl resonators in Fig. 6. During a cooldown, the resonator
frequency does not change; between cooldowns the chip is stored at room temperature and atmospheric pressure.
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Figure 6. Frequency drift. Time evolution of the resonant frequencies of resonators A, B, and C over the four measurements
runs. As a reference, we plot a linear negative drift of 1.3 MHz per week (red dashed line).
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IV. MEASUREMENT OF CORRELATED BURSTS WITH A VNA
In order to investigate whether QP bursts are correlated in time, we measure time multiplexed traces of the
phase response of two resonators by employing a Keysight E5071C Vector Network Analyzer (VNA). The method is
summarized in Fig. 7. The time needed to switch between the two frequencies is the inverse of the IF bandwidth,
1/100 Hz = 10 ms. The time interval ∆t between each pair of measured points is dominated by the time needed to
transfer their values from the VNA to the measurement PC. We estimate it by dividing the total acquisition time by
the number of acquired 2-point measurements, giving an effective sampling period ∆t ≈ 0.3 s.
As discussed in the main text, the relaxation time after a QP burst is from tens to hundreds of milliseconds,
depending on the setup. This time is short compared to the sampling period ∆t, which implies that the QP bursts
are sampled by at most two points along their relaxation tail. This method, while it has the advantage of being
conceptually simple and possible to implement with off-the-shelf electronics, is restricted to measuring only two
resonators at a time, and is clearly limited when it comes to evaluating the size of QP bursts and their exact position
in time. These limitations can be overcome by using frequency domain multiplexing and custom designed electronics,
similarly to Refs. [14, 15, 41, 42].
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Figure 7. Time multiplexed measurement of the phase response of two resonators using a Vector Network
Analyzer (VNA). a, The phase response of the reflected signal vs. frequency (black line) is sampled at two points in the
vicinity of the resonant frequency of the two resonators (blue and green). b, Time multiplexed phase response ϕA,C(t) =
arg{S11}(fA,C , t) for resonators A and C vs. time in G with the ThO2 source. For clarity, we invert the sign of the right-hand
y axis. The time interval between measurements at the two different frequencies is 10 ms. Bursts exceeding the two standard
deviation threshold (horizontal dashed lines) for both resonators are highlighted by vertical dotted gray lines. The relaxation
tail after the QP bursts is not resolved due to the fact that the time interval between successive measurements in each trace is
relatively long, ∆t ≈ 0.3 s (see text for details).
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V. MEASUREMENT OF THE INTERNAL QUALITY FACTOR
We fit the complex reflection coefficient S11 of the resonators with the procedure detailed in Ref. [43] in order to
extract the internal and coupling quality factors and the resonant frequency. We compute the average number of
drive photons circulating in the resonators as n¯ = 4PcoldQ
2
l
/(~ω20Qc), where Pcold is the VNA probe power minus the
nominal attenuation on the line down, Ql and Qc are the loaded and coupling quality factors, and ω0 is the resonant
frequency in radians per second. We set the IF bandwidth of the VNA to 10 kHz and we average for 500 times. We
plot the results in Fig. 8.
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Figure 8. Measurement of the internal quality factor. Reflection coefficient of resonator A (left) and C (right), normalized
to the sample holder response and plotted in the complex plane. We show data for both resonators in G (green) compared to
those in K (blue) and in G with the Pb shield removed and ThO2 source added (red). Crosses and solid lines indicate the raw
data and the circle fit from Ref. [43], respectively.
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VI. CHOOSING THE BIN SIZE FOR THE QP BURSTS ENERGY DISTRIBUTION
In Fig. 1d in the main text, we show a distribution of QP bursts vs. the energy absorbed by the resonators. In the
following we describe the method used to define a common bin size ∆E for the distribution of QP bursts. The goal is
to find the smallest ∆E that is larger than the uncertainty corresponding to the phase response uncertainty ∆ϕ for
all resonators. The phase response of the reflected signal vs. frequency follows the form
ϕ(f) = arctan
(
2Ql
f0−f
f0
)
, (1)
where f0 is the resonant frequency, and Ql is the loaded quality factor (cf. Fig. 9a). The response around f0+δf0 is
linear for δf0 → 0 and asymptotic to ±π for δf0 → ∓∞: the greater the shift δf0 corresponding to large QP bursts,
the greater the frequency uncertainty corresponding to ∆ϕ. Thus, we can only quantitatively trust shifts δf0 up to
the point where the phase uncertainty ∆ϕ corresponds to a frequency difference smaller than the bin size in frequency
units, ∆f0. This places the following constraints:
|ϕ(f0+δf0)−ϕ(f0+∆f0+δf0)| < ∆ϕ
⇐⇒
∣∣∣∣ϕ
(
f0+δE
f0
4V∆0nCP
)
−ϕ
(
f0+∆E
f0
4V∆0nCP
+δE
f0
4V∆0nCP
)∣∣∣∣ < ∆ϕ, (2)
where ∆f0 and ∆E are the bin sizes in frequency and energy units respectively, δE = δxQPnCP∆0V is the burst
in energy units and δxQP = −4δf0/f0 is the burst in fractional QP density units, V is the volume of the resonator,
∆0 ≃ 300 µeV is the superconducting gap of grAl, nCP = 4×106 µm−3 is the Cooper pair density of Al, and f0 is the
unperturbed resonant frequency.
In order to calculate the uncertainty of the response ∆ϕ, we substract the fitted arctangent dependence of Eq. (1)
from the measured arg{S11} (cf. Fig. 9a), and we compute its nearest point difference ϕ′. We define ∆ϕ = 2 stdev(ϕ′)
(cf. Fig. 9b), and we find ∆ϕ . 10 milliradians for all resonators.
Finally, using ∆E = 5 eV, Eq. 2 is satisfied for ∆ϕ = 10 milliradians and for all measured QP burst in all resonators.
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Figure 9. Phase response vs. frequency and phase uncertainty for resonator B. a, Measured phase response vs.
frequency (orange crosses) fitted with Eq. (1) (magenta line). b Distribution of the nearest point differences ϕ′ of the measured
phase response with the arctangent component removed.
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VII. DISTRIBUTION OF QP BURSTS IN R AND G SETUPS
We report the distribution of QP bursts for resonators in R and G, to complement the distribution for resonators
in K shown in the main text (Fig. 1d, inset). We omit the distribution of bursts in G with the Pb shield present,
resulting in the lowest burst rate (one every 10 minutes) due to the lack of sufficient statistics.
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Figure 10. Distribution of QP bursts in R and G. The bin size is 5×10−5 in all panels. For the G setup with the Pb
shield removed, data were not available for resonator B due to technical and time constraints.
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VIII. PHONON ABSORPTION EFFICIENCY
The Cooper pair condensate of a resonator absorbs only a small fraction ǫ of the total energy deposited in the
substrate chip. This fraction depends, among others, on the material and volume of the superconductor, its interface
with the substrate, the material and geometry of the substrate and its coupling to the thermal bath. As a consequence,
the efficiency of energy absorption cannot be calculated a priori but requires a dedicated measurement.
To our knowledge, there are no published results on the absorption efficiency of a grAl film deposited on a sapphire
substrate. Due to the phonon acoustic mismatch between grAl and the sapphire substrate, we expect the efficiency
ǫ to be very small. To constrain this parameter without contaminating the prototype, we exposed the chip to a
removable ThO2 source and compared the calculated spectrum of the energy deposited in the substrate with the
measured spectrum of the energy absorbed by the three resonators.
In Fig. 11a we show the distribution of energy absorbed by the resonators in G with the Pb shield removed, and
exposed to a ThO2 source. We made a GEANT-4 [44] based simulation to estimate the energy released in the substrate
by the source. The simulation includes the sapphire chip, its copper holder, and the cryostat shields. The activity of
the source was not precisely known, so we did not normalize the simulated events by time. We plot the results of the
simulation in Fig. 11b. We can estimate the efficiency ǫ by dividing the average energy deposited in the resonator by
the average energy deposited in the substrate. We obtain ǫ ∼ 10−4, 10−3, and 0.5×10−4 for resonator A, B, and C,
respectively.
This value could appear very small compared to values reported in Ref. [45–47], therefore, to asses the phonon
impedance mismatch at the substrate-film interface we performed a separate experiment in R. We measured a sample
consisting of a 60 nm thick grAl kinetic inductance detector (KID) deposited on on a 2×2 cm2, 330 µm thick sapphire
substrate. The design was similar to the one described and depicted in Ref. [47], with an active surface of 2 mm2. The
chip was assembled in a copper holder hosting a 55Fe X-ray source, emitting typical X-rays at 5.9 and 6.4 keV. Due
to their low energy, the X-rays are completely absorbed in the substrate. This type of source has the disadvantage
that, being permanently exposed to the sample, prevents the achievement of low-radioactivity levels. On the other
hand, it produces events of well defined energy, in contrast to the broad spectrum emitted by the removable ThO2
source (Fig. 11b). This allows to obtain a precise measurement of the efficiency. Following the methods outlined in
Refs. [15, 47], we obtain the grAl KID efficiency of 0.32%.
We would like to emphasize that this value cannot be easily scaled to the A-C resonators discussed in the main
text, which have 2-3 orders of magnitude smaller volume. Even if the efficiency scales almost linearly with the active
volume of the KID [46], an extrapolation to a volume smaller by 2-3 orders of magnitude would not be reliable. Thus,
we interpret the calibrated grAl KID efficiency of 3.2×10−3 as an upper limit to the efficiency of the A-C resonators.
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Figure 11. Simulation of resonator efficiency under ThO2 exposure. a, distribution of the energy absorbed in the
resonators in G under ThO2 exposure. b, Monte Carlo simulation of the energy deposited by a ThO2 source in the sapphire
substrate.
